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Abstract
We considered the inﬂuence that the Stiles–Crawford eﬀect (SCE) has on the measurement of subjective monochromatic and
transverse aberration measurements. The SCE was measured with a two channel Maxwellian-viewing system. Transverse aberra-
tions were measured using a vernier alignment technique in three subjects, with the natural SCE operating, with the SCE neutralised
by ﬁlters optically conjugate with the eye’s pupil, and for one subject with ﬁlters that shifted the SCE by more than 2 mm. As pupil
diameter increased from 1 to 5 mm diameter, without the ﬁlters the slope of the transverse aberration versus position in the pupil
decreased, e.g. for chromatic aberration this decreased by approximately 90%. The ﬁlters had little inﬂuence on transverse aber-
ration. The results indicate that subjects do not use the centroid of the image of a blurred line target for alignment, but may rely very
much on other cues.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The Stiles–Crawford eﬀect (SCE) of the ﬁrst kind is
the phenomenon by which light passing through the
periphery of the pupil appears to be dimmer than light
passing closer to the pupil centre (Stiles & Crawford,
1933). Although a retinal eﬀect caused by the directional
properties of photoreceptors (e.g. Enoch & Lakshmi-
narayanan, 1991), it may be modelled as an apodisation
of the pupil (Westheimer, 1959). The SCE has implica-
tions for photometry, eﬀective retinal image quality, and
subjective transverse aberration measures. Regarding
photometry, calculations for change in eﬀective retinal
illuminance were given by Martin (1954) and were up-
dated by Atchison, Scott, and Smith (2000) to take into
account pupil and SCE decentrations. Concerning ef-
fective retinal image quality, theoretical investigations
indicate that the inﬂuence of the SCE on spatial visual
performance is likely to be small (e.g. Artal, 1989; At-
chison, 1984; Atchison, Joblin, & Smith, 1998; Atchison,
Scott, Joblin, & Smith, 2001; van Meeteren, 1974).
The SCE is considered to inﬂuence subjective mea-
sures of transverse aberrations by minimising the eﬀects
of pupil decentration (Rynders, 1994; Rynders, Thibos,
Bradley, & Lopez-Gil, 1997; Ye, Bradley, Thibos, &
Zhang, 1992). Atchison et al. (2001) investigated theo-
retically the inﬂuence of the SCE on subjective mea-
surements of transverse aberrations. They used the
centroid of the image of a line target as the basis for
their measurement. For a mean level of the coeﬃcient,
they predicted that the SCE will lessen the slope of the
transverse chromatic aberration versus position in pupil
plot by about one-third at a pupil size of 5 mm diameter.
This is considerably less than experimental studies,
which suggest the SCE reduces the eﬀect of pupil de-
centration on subjective transverse chromatic aberration
by approximately 80% at a 5 mm pupil diameter, and
that most of this reduction can be removed by using
ﬁlters to neutralise the SCE (Rynders, 1994; Rynders
et al., 1997; Ye et al., 1992). Several reasons were put
forward by Atchison et al. to explain this discrepancy,
including variation of SCE with subject and wavelength,
ﬁnite thickness of line targets, and luminance eﬀects, but
none were suﬃcient to account for it.
Because of this discrepancy between theoretical and
experimental results, we have conducted further exper-
imental investigation. We found a marked change in
transverse aberration measures with increase in pupil
size, which is much greater than the theoretical predic-
tions. However, unlike the previous studies (Rynders,
1994; Rynders et al., 1997), this was not compensated by
using neutralising ﬁlters. Also, ﬁlters that shifted the
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SCE-peak by at least 2 mm had little inﬂuence on
transverse aberration. As a possible explanation for our
ﬁndings, we suggest that the subjective alignment with
large pupil sizes is dominated by the peak of the inten-
sity distribution rather than its centroid.
2. Methods
2.1. Subjects
The study was approved by the Human Research
Ethics committee of the Queensland University of
Technology. Experiments were undertaken with the un-
derstanding and written consent of each subject. Sub-
jects were three males aged 45–47 years (DAA), 30–32
years (DHS) and 22 years (PP) with respective refractive
corrections of 2.00 DS, þ0:75/0:50 180 and 0:50/
0:50 175, respectively. The subjects were in good
general and ocular health. During experimental proce-
dures, the right eye of each subject was dilated and cy-
clopleged with one drop of 1% cyclopentolate. When
sessions extended beyond 2 h, an additional drop was
applied each 2 h.
2.2. SCE measurement
SCEs were measured psychometrically with appara-
tus similar to that of Applegate and Lakshminarayanan
(1993) (Fig. 1). A two-channel Maxwellian-viewing
system imaged two light sources S1 and S2 at a subject’s
entrance pupil EP via 100 mm achromat lens relay pairs
(lens pair L1 and L3 for S1 and lens pair L2 and L3 for
S2). The light sources were 1.0 mm pinholes illuminated
by diﬀuse RGB light emitting diodes (Kingbright
LF593MBGMBW). The diodes had peak radiant in-
tensities at 625, 565 and 430 nm, and dominant wave-
lengths for a range of standard illuminants at 620, 575
and 470 nm. Source S1 provided a background ﬁeld of
7, entering the eye in the middle of the pupil, and de-
ﬁned by aperture A1 which was at the front focal point
of L3. The illuminances of this ﬁeld were approximately
44 troland (620 nm), 93 troland (575 nm) and 38 troland
(470 nm). The test beam from S2 was electronically
square-wave ﬂickered at 2 Hz and provided a test beam
of 0.6 deﬁned by aperture A2 which was also at the
front focal point of L3. The entry position of the test
beam was computer controlled by stepper motors. The
illuminance control was a 200 Hz pulse width modula-
tion output gated with the 2 MHz HC11 E clock of a
computer. This gave bursts of 250 ns pulses every 5 ms,
with the illuminance being varied by the number of these
pulses over a 4 log unit luminance range. Luminance
variation was controlled from a three button module,
with one button increasing the luminance in 0.028 log
steps, one button decreasing the illuminance in 0.028 log
steps and one button for recording the data. Between
repeat measurements at any pupil position, and between
pupil positions, the illuminance was doubled (increase of
0.3 log unit). For any measurement, the subject in-
creased (if necessary) the luminance of S2 until it was
easily seen, then decreased its luminance until it disap-
peared.
Measurements were taken across a 6 mm diameter.
Two-dimensional measurements were made with the
green (575 nm) light, sampled at 49 positions with 0.75
mm intervals. Four measurements were taken at each
point. Source S2 was moved systematically during ex-
periments so that the test beam moved across the sub-
ject’s pupil in a 6 mm diameter circle from the subject’s
right to left and from up to down. It may have been
better to randomise the order of points, but we found
that after a little practice, this precaution made little
diﬀerence to measurements. The pupil diameter of 6 mm
refers to the location of the 1.0 mm diameter test beam
centres, so in all a 7 mm diameter pupil was used.
Fig. 1. Two-channel Maxwellian-viewing apparatus for measuring the
SCE, and its adaptation for measuring monochromatic transverse
aberrations in experiment 1. S1 and S2, sources; A1 and A2, apertures;
BS1 and BS2, cube beamsplitters; L1, L2 and L3, relay lenses; IR, il-
lumination ring; FSM1 and FSM2, front surface mirrors; VC, video-
camera; Mo, monitor; EP, entrance pupil of eye; F, position of SCE
modifying ﬁlters; Ap, stops; PBS, 50/50 pellicle beamsplitter; G1 and
G2, 550 nm interference ﬁlters; T1 and T2, vernier half targets.
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As well as the two-dimensional measurements, mea-
surements were made along the horizontal meridian
with blue, green and red lights, sampling at 25 positions
with 0.25 mm intervals.
Because of aberrations and any residual defocus of an
eye, occasionally a subject had to reset the position of
A2 to keep the test beam appearing to be centred within
the ﬁeld.
The subject’s head position was ﬁxed with a bite bar
under XYZ movement control. An illumination ring IR
containing eight evenly spaced infrared light emitting
diodes was used to align the eye. Video-camera VC was
provided with a view of the subject’s pupil via lens L3
and beamsplitter BS2, and it was also provided with
views of S1 and S2 via beamsplitters BS1 and BS2 and
front surface mirror FSM1. The eye was centred using
the pupil centre. The infrared sources provided a re-
ﬂection in the cornea (Purkinje image I) whose position
was noted but not used for alignment. Alignment was
maintained to within 0.1 mm during measurements by
the experimenter viewing the monitor Mo and adjusting
the bitebar as necessary. Subject refractive errors were
compensated by moving the subject’s eye and L3 to-
gether along the Z-axis.
After the measurements were taken, a non-linear
least-squares routine employing the Gauss–Newton al-
gorithm was used to ﬁt the means (in ln units) to a SCE
function having the form
ln gðx; yÞ ¼ ln gðxmax; ymaxÞ  qxðx xmaxÞ2
 qyðy  ymaxÞ2 ð1Þ
which can be converted to the more familiar form
gðx; yÞ ¼ gðxmax; ymaxÞ exp½qxðx xmaxÞ2
 qyðy  ymaxÞ2 ð2Þ
Here gðx; yÞ is the sensitivity at any position ðx; yÞ in
the entrance pupil, ðxmax; ymaxÞ locates the peak of the
SCE function relative to the centre of the entrance pupil,
gðxmax; ymaxÞ is the sensitivity at the peak, and qx and qy
are SCE coeﬃcients in the x and y directions. Positive
values of xmax and ymax indicate nasal and superior po-
sitions, respectively, of the peak relative to the centre of
the pupil. 95% conﬁdence intervals were obtained for
each of the parameters and a correlation coeﬃcient was
obtained for the overall ﬁt. For one-dimensional ﬁts
along the horizontal dimension, Eq. (2) reduces to
gðxÞ ¼ gðxmaxÞ exp½qxðx xmaxÞ2 ð3Þ
2.3. Filters
Based on measured two-dimensional SCE functions,
photographic ﬁlters were manufactured to manipulate
each subject’s SCE. The equations of ﬁlters to neutralise
the SCE and the procedures for manufacturing them
have been described previously (Scott, Atchison, &
Pejski, 2001). The SCE-neutralising ﬁlters were darker in
the middle than their edges, and had minimum trans-
missions of 3.3–6.5%.
In addition, ﬁlters to shift the SCE-peak horizontally
by approximately 2 mm and þ2 mm were made for
subject DAA. If the peak is to shift from (xmax; ymax)
given by Eq. (2) to (x0max; y
0
max), then an ideal ﬁlter has a
transmission Iðx; yÞ given by
Iðx; yÞ ¼ exp½qxðx x0maxÞ2  qyðy  y0maxÞ2
= exp½qxðx xmaxÞ2  qyðy  ymaxÞ2 ð4Þ
which simpliﬁes to
Iðx; yÞ ¼ exp½qxð2xxmax  2xx0max þ x02max  x2maxÞ
 qyð2yymax  2yy 0max þ y02max  y2maxÞ ð5Þ
For a shift of the peak horizontally only, this equa-
tion reduces to
Iðx; yÞ ¼ exp½qxð2xxmax  2xx0max þ x02max  x2maxÞ ð6Þ
Practically, the shifting ﬁlters were proportional, ra-
ther than equal, to the right-hand side of this equation
with the transmission as high as possible given the de-
sign diameter (7.0 mm) and maximum ﬁlm transmission
(about 50%).
During experiments, ﬁlters were placed at F, imme-
diately in front of the test source or the stops that re-
placed it in the transverse aberration experiments (Fig.
1), so that they were conjugate with the pupil of the eye.
The accuracy of alignment was 
0.1 mm in both hori-
zontal and vertical directions.
2.4. Subjective transverse aberration experiments
The same apparatus was used as for the SCE mea-
suring experiment, but with modiﬁcations. The channel
for the reference source S1 was blocked, and aperture A2
and test source S2 were removed. Two main variations
were used. In the variation to measure monochromatic
aberration (experiment 1) (see Fig. 1), the whole pupil
acted as the reference pupil position, viewing reference
vertical vernier half target T1 via 50/50 pellicle beam
splitter PBS and mirror FSM2. The test vernier half
target T2 was viewed through stops Ap, which were
placed at the previous location of S2. The stops had sizes
1.0, 3.0 or 5.0 mm. The vernier targets T1 and T2 were 3
m from the stops. They were 3 mm wide 40 mm long
(3:40  460) black rods on 50 mm 40 mm (570  460)
backgrounds. The sources were seen through diﬀusing
glass and green interference ﬁlters G1 and G2 (550 nm,
full width at half height 10 nm), with the light source for
the reference ﬁeld being two 50 W, 12 V halogen lamps
and the light source for the test ﬁeld being a 150 W
Xenon arc lamp. The luminances of the reference and
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test ﬁelds were approximately 1000 cd/m2 each (ignoring
added ﬁlters at F). In this arrangement, the reference
ﬁeld luminance was unaﬀected by the addition of ﬁlters
at F.
In the second main variation of the apparatus to
measure transverse chromatic aberration (experiment 2),
pellicle beamsplitter PBS was removed and the reference
ﬁeld was not used. The vernier half targets were two
black rods placed in front of the Xenon arc lamp—a
ﬁxed upper rod in front of a 620 nm red interference
ﬁlter and a movable lower rod in front of a 470 nm blue
interference target (ﬁlter full width at half height, 10
nm). A black border between the red and blue ﬁelds was
6 mm wide (70). The luminances of the red and blue
ﬁelds were approximately 300 and 400 cd/m2, respec-
tively (ignoring added ﬁlters at F).
The procedure to measure monochromatic aberration
was as follows. For the no ﬁlter condition and with the 1
mm stop centred on the optical axis, the subject adjusted
mirror FSM2 so that the reference target was seen
aligned above the test target by an amount similar to
twice the width of the targets (70 arc). This provided the
zero setting for the test target. The stop was scanned
across the subject’s eye, under motor and computer
control, from the temporal to the nasal side in 0.5 mm
steps. The experimenter moved the test target, seen by
the subject as above the reference target, until apparent
alignment was achieved. At any position in the pupil,
equal numbers of measurements was taken by ap-
proaching alignment from both directions. After the run
with the 1 mm stop was complete, the 3 mm stop was
carefully centred and the process repeated. Following
this, the 5 mm stop was used. At any position in the
pupil, at least four measurements were taken for the 1
mm stop, at least 6 for the 3 mm stop and at least 8 for a
5 mm stop. The above procedures were repeated with
a neutral density ﬁlter placed at F that had the same
transmittance as the neutralising-SCE ﬁlter had in
its centre (as this made little diﬀerence, results with
the neutral density ﬁlters are not discussed). Finally, the
neutralising-SCE ﬁlter was used. Between ﬁlters, the
alignment was checked with the 1 mm stop and no ﬁlter.
For the chromatic aberration experiment 2, the zero
reference position was determining with green ﬁlters in
test and reference beams and a 1 mm stop—the test
target was moved until aligned with the reference target.
The green ﬁlters were replaced by red reference and blue
test ﬁlters, and the experiment proceeded as for the
monochromatic aberration experiment. In this experi-
ment, the pupil of DHS’s eye did not dilate quite to the
required 7 mm, and measurements for the 5 mm stop
were taken at 0.75, 0 and 0.75 mm positions in the
pupil rather than from 1 to þ1 mm positions in 1 mm
steps as in the monochromatic aberration experiment 1.
In another chromatic aberration experiment used
with subject DAA only (experiment 3), the black targets
on colour ﬁelds were replaced by colour targets on black
ﬁelds. The targets were 5 mm 50 mm (3:40  340) slits
in a lamp assembly at 5 m. The light sources for each
assembly were pairs of 50 W, 12 V halogen lamps
viewed through diﬀusing glass and interference ﬁlters. A
50/50 beamsplitter was introduced on the object side of
stops Ap. The movable lamp assembly for the blue target
was viewed by transmission through the beamsplitter,
while the reference red target was viewed by reﬂection
by the beamsplitter and a front surface mirror. The lu-
minances were approximately 1500 and 100 cd/m2 for
red and blue targets, respectively (ignoring added ﬁlters
at F).
In a further transverse chromatic aberration experi-
ment 4 with subject DAA, the apparatus described in
Fig. 1 was redesigned. The cube beamsplitters BS1 and
BS2 were replaced by a 90/10 pellicle beamsplitter which
imaged the pupil onto the video-camera, and the Xenon
arc lamp was replaced by a slide projector (82 V, 300 W
globe). Ignoring added ﬁlters at F, luminances were 400
cd/m2 (620 nm, with added 0.6 neutral density ﬁlter) and
300 cd/m2 (470 nm). The experiment used the SCE-
shifting ﬁlters as well as the SCE-neutralising ﬁlter. The
purpose of the experiment was to determine whether
angular subtenses of the targets and background inﬂu-
enced results. It was performed at 3 m with the same
dimensions as in experiment 2, at 1 m with the physical
dimensions unchanged so that angular subtenses in-
creased by a factor of 3 e.g. 100  1400 black targets on
1700  1400 backgrounds, and at 1 m with the target’s,
but not the background’s, physical dimensions changed
to match the angular dimensions at 3 m i.e. 3:40  1400
black targets on 1700  1400 backgrounds. For the 1 m
distance, compensating movement of the Badal lens-
eye assembly was made to retain the same focus as for
3 m.
2.5. Analysis
Transverse aberration was taken to be positive if a
target was displaced to a subject’s left side, and position
in the pupil was taken to be positive if on the nasal side.
Because of the inversion provided by the relay system,
moving the target to a subject’s left side was perceived
by the subject as a movement to the right. Also, nasal
position in the pupil corresponded to a temporal posi-
tion of stops.
In order to determine slopes, transverse aberration
versus position in the pupil plots were subjected to linear
regression. For monochromatic aberration, this was
limited to 
1 mm from the pupil centre for all stop di-
ameters. For chromatic aberration, this was limited to

2 mm from the pupil centre. As the measurements at
any position in the pupil were taken consecutively, they
were not independent, and statistical analysis was per-
formed on mean values.
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2.6. Chronological order of measurements and ﬁlter
production
The SCE measurements, manufacture of neutralis-
ing ﬁlters and experiments 1–3 were conducted over
approximately a 6 month period. Approximately 12
months later, the shifting ﬁlters were made for subject
DAA and experiment 4 conducted with him as subject.
Two months later, a wide range of SCE measurements
was repeated for subjects DAA and DHS, including
horizontal meridian measurements in blue and red light
as well as in green light.
2.7. Theoretical determinations of subjective transverse
chromatic aberration
Atchison et al. (2001) described two methods for
theoretical calculation of subjective transverse aberra-
tion, based on the aberrations of model or real eyes. In
one method, they calculated the angular displacement of
centroids (centres of gravity) of line spread functions.
Subjective transverse chromatic aberration was the dif-
ference between the transverse aberrations for red and
blue wavelengths.
A second method used a photometric eﬃciency ap-
proach to determine a SCE weighted eﬀective pupil
centre x along the horizontal meridian (Atchison et al.,
2000). For a stop of radius Rp decentered relative to the
pupil centre to ðx; yÞ ¼ ðx0; y0Þ, with the SCE-peak at
(xmax; ymax), and allowing for diﬀerent values in x- and
y- directions, their Eq. (8a) becomes
x ¼
R xþ
0
Rp
x
0
Rp
Rþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2pðxx0Þ2
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2pðxx0Þ2
p x exp½qxðx xmaxÞ2 þ qyðy  ymaxÞ2dy dx
R xþ
0
x
0
Rþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2pðxx0Þ2
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2pðxx0Þ2
p exp½qxðx xmaxÞ2 þ qyðy  ymaxÞ2dy dx
ð7Þ
The subjective transverse aberration sTA at a pupil
location of x ¼ x0 is equal to optical transverse aberra-
tion TA (the aberration associated with the chief ray,
which passes towards the middle of the eye’s entrance
pupil) at a pupil location of x ¼ x, that is
sTAðx0Þ ¼ TAðxÞ ð8Þ
The subjective transverse chromatic aberration
sTCAðx0Þ is the diﬀerence in subjective transverse aber-
rations between the blue and red wavelengths, that is
sTCAðx0Þ ¼ TAðxÞ470  TAðxÞ620 ð9Þ
where x is the position in the pupil relative to the centre.
This simple approach to determining subjective
transverse chromatic aberration gives results similar to
those of the more involved approach using the centroid
of the line spread function (Atchison et al., 2001), and
accordingly the SCE weighted eﬀective pupil centre was
used in this study.
For the purposes of estimating transverse chromatic
aberration, the optical transverse aberration TAðxÞk at
wavelength k was determined using Thibos’ chromatic
reduced eye (Thibos, Ye, Zhang, & Bradley, 1992). The
chromatic error of refraction Rek in m1 for this model
is given by
Rek ¼ 1:68524 633:46=ðk  214:102Þ ð10Þ
where the reference wavelength is 589 nm and the
wavelength k is in nanometres. TAðxÞk and Rek are re-
lated (Atchison et al., 2000) by
TAðxÞk ¼ ðx xvÞRek ð11Þ
where xv is the location of the visual axis relative to the
pupil centre.
In Atchison et al.’s, 2001 modelling, no experimental
information about the visual axis was used, and the chief
ray for non-decentred pupils was assumed to correspond
to the visual axis. The visual axis is an approximation to
the foveal achromatic axis, for which there is no trans-
verse chromatic aberration (Atchison & Smith, 2000,
Chap. 3 & 17). In this study, we made experimental
determinations of the location of the visual axis xv rel-
ative to the pupil centre.
3. Results
3.1. SCE measurements with ﬁlters
Table 1 shows the measured neutralising and shifting
ﬁlters at 550 nm, based upon SCE measurements taken
prior to experiments 1–3. The results indicate that the
ﬁlters perform closely to the design. Table 2 shows the
two-dimensional ﬁts of the SCE in green light, with and
without the ﬁlters in place. The SCE-normal condition
results show that the three subjects have well centred
functions with near average q values (Applegate &
Lakshminarayanan, 1993). The SCE-modifying ﬁlter
results again indicate that the ﬁlters perform well. The
data for the SCE-neutralising ﬁlters are diﬃcult to in-
terpret at a glance because of some high coordinates of
the peaks, but the variation in sensitivity is less than 0.3
log units across 6 mm pupils in all cases and usually
<0.2 log units. The correlation coeﬃcients for the SCE-
neutralising condition are low because the noise in the
data is the major cause of variability. The SCE-shifting
ﬁlters for DAA shift the peak by more than the 
2 mm
required: by about 0.5 and 0.2 mm for the SCE 2 mm
shifting ﬁlter and the SCE þ2 mm shifting ﬁlters, re-
spectively. Table 3 shows horizontal meridian ﬁts of
DAA’s and DHS’s SCEs for each colour of the light,
taken post-experiment 4. These results also indicate that
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the ﬁlters perform well and that they perform similarly
at the three colours. The latter is also demonstrated for
subject DAA in Fig. 2, where the only discrepancy be-
tween the colours of any note is in the peaks and their
magnitudes for the shifting ﬁlters.
Previous literature (Enoch & Stiles, 1961; Stiles, 1937,
1939; Wijngaard & van Kruysbergen, 1975; Alpern &
Tamaki, 1983) found that the SCE function is dependent
upon wavelength, being steeper in the blue and red than
in the green. There is little evidence of this over the
Table 2
Subject two-dimensional SCE measurements with and without SCE-modifying ﬁlters, showing mean and 95% conﬁdence limits
Subject Filter condition Run no. qx (mm
2) qy (mm
2) xmax (mm) ymax (mm) R2adjusted
DAA SCE-neutralising# 1 0.0028
 0.021 0.012
 0.021 12.2
 90.4 1.91
 3.62 0.352
2 0.0093
 0.017 0.006
 0.017 3.17
 5.81 þ5.75
 15.2 0.565
SCE-normal 1 0.105
 0.013 0.077
 0.013 þ0.93
 0.17 0.60
 0.16 0.953
2 0.129
 0.015 0.100
 0.015 þ0.51
 0.14 0.60
 0.14 0.949
DAA SCE-neutralising# 1 0.0023
 0.017 0.012
 0.019 7.19
 53 0.95
 1.76 0.126
2 0.00046
 0.016 0.0036
 0.016 þ16.5
 575 7.13
 31.6 0.262
SCE-normal 1 0.112
 0.019 0.104
 0.022 þ0.47
 0.15 0.78
 0.20 0.872
2 0.115
 0.014 0.108
 0.015 þ0.21
 0.10 0.51
 0.12 0.908
3 0.105
 0.017 0.113
 0.017 þ0.18
 0.12 0.65
 0.14 0.895
SCE )2 shift 1 0.113
 0.023 0.102
 0.019 1.97
 0.38 0.57
 0.18 0.956
2 0.112
 0.019 0.103
 0.015 1.93
 0.30 0.43
 0.12 0.968
SCE þ2 shift 1 0.097
 0.020 0.104
 0.018 þ2.90
 0.59 0.61
 0.16 0.976
2 0.097
 0.022 0.136
 0.019 þ2.83
 0.63 0.57
 0.13 0.971
DHS SCE-neutralising# 1 0.00016
 0.015 0.012
 0.013 89
 8533 1.69
 2.05 0.340
2 0.00028
 0.017 0.012
 0.017 þ64
 3854 0.81
 1.52 0.149
SCE-normal 1 0.083
 0.013 0.110
 0.012 þ0.58
 0.13 þ0.32
 0.09 0.918
2 0.088
 0.015 0.108
 0.015 þ0.61
 0.16 þ0.30
 0.11 0.891
3 0.076
 0.014 0.104
 0.014 þ0.58
 0.17 þ0.31
 0.10 0.887
DHS SCE-neutralising# 1 0.026
 0.013 0.013
 0.012 0.66
 0.45 þ0.97
 1.12 0.402
SCE-normal 1 0.106
 0.015 0.103
 0.015 þ0.55
 0.11 þ0.31
 0.11 0.902
PP SCE-neutralising# 1 0.014
 0.013 0.00086
 0.013 1.88
 1.80 þ36.5
 536 0.633
2 0.0013
 0.0011 0.0081
 0.011 31
 241 þ0.46
 1.07 0.712
SCE-normal 1 0.114
 0.013 0.100
 0.013 0.26
 0.08 þ0.55
 0.11 0.927
2 0.095
 0.010 0.099
 0.011 0.44
 0.09 þ0.51
 0.09 0.941
* Taken prior to experiments 1–3.
** Taken after experiment 4.
# Ideal is qx ¼ qy ¼ 0.
Table 1
Measured neutralising and shifting ﬁlters (wavelength ¼ 550 nm)
Subject Filter type qx (mm
2) qy (mm
2) xmax (mm) ymax (mm) x0max (mm) y
0
max (mm) R
2
adjusted
DAA SCE-neutralising
Design 0.120 0.100 þ0.6 0.6 –
Measured 0.120 0.103 þ0.6 0.6 0.990
SCE-shifting 2 mm
Design þ0.120 þ0.100 þ0.6 0.6 1.4 0.6 –
Measured þ0.156 þ0.133 þ0.73 0.59 1.49 0.61 0.985
SCE-shifting þ2 mm
Design þ0.120 þ0.100 þ0.6 0.6 þ2.6 0.6 –
Measured þ0.104 þ0.087 þ0.02 0.64 þ3.0 0.55 0.984
DHS SCE-neutralising
Design 0.080 0.100 þ0.6 þ0.3 –
Measured 0.078 0.100 þ0.6 þ0.3 0.998
PP SCE-neutralising
Design 0.100 0.100 0.4 þ0.5 –
Measured 0.098 0.099 0.4 þ0.5 0.992
–: indicates not applicable.
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wavelength range 470–620 nm for subjects DAA and
DHS (Table 3, SCE-normal) (Alpern & Tamaki, 1983).
However, these authors used narrower wavelength
bands than were used here.
It should be noted that subject DAA’s peak shifted
from the pre-experiments 1–3 period to the post-expe-
riment 4 period by approximately ()0.4 mm temporally
(compare DAA and DAA in Table 2), but the peak
for DHS did not shift. DA’s peak shift suggests that his
ﬁlters would not have been optimum in experiment 4.
However, the results in Tables 2 and 3 indicate that this
had little eﬀect on their eﬃciency.
3.2. Subjective monochromatic aberration—experiment 1
Fig. 3 shows transverse aberration versus horizontal
position in the pupil for subject DAA. The plots for 3
and 5 mm stops have been translated downwards by 3
and 6 min arc, respectively (shifts have been made also
for the other two subjects in Figs. 4 and 5). The 1 mm
stop results show small defocus error and positive
spherical aberration. For 3 and 5 mm stops, the slope of
the plots is reduced relative to the slope with the 1 mm
stop, both without and with the SCE-neutralising ﬁlter.
This indicates that the SCE-neutralising ﬁlter does not
appreciably increase the inﬂuence of the peripheral parts
of the pupil.
Fig. 4 shows transverse aberrations for subject DHS.
For this subject, the Badal lens/eye assembly was posi-
tioned so that he had residual refractive error of 1.2 D
(i.e. would be corrected by a conventional þ1.2 D
ophthalmic lens) along the horizontal meridian. For a 1
mm stop, he has a slope to match this refractive error
between pupil positions of 3 and þ1 mm. He dem-
onstrates additional aberration to reduce the inﬂuence
of defocus beyond þ1 mm. The slope is reduced with the
Table 3
Subject SCE one-dimensional measurements post-experiment 4, showing mean and 95% conﬁdence limits
Subject Filter condition Source colour Run no. qx (mm
2) xmax (mm) R2adjusted
DAA SCE-neutralising Blue 1 0.00039
 0.035 63.8
 5834 0.004
2 0.030
 0.018 0.50
 0.58 0.637
Green 1 0.00016
 0.015 þ90.1
 8738 0.093
2 0.000040
 0.014 þ212
 72 938 0.011
Red 1 0.00035
 0.023 58.4
 3848 0.078
2 0.042
 0.014 0.16
 2.64 0.680
SCE-normal Blue 1 0.109
 0.013 þ0.21
 0.10 0.927
2 0.094
 0.012 þ0.29
 0.11 0.921
Green 1 0.107
 0.014 þ0.23
 0.11 0.914
2 0.118
 0.014 þ0.26
 0.09 0.926
3 0.094
 0.018 þ0.42
 0.16 0.869
Red 1 0.125
 0.021 þ0.01
 0.14 0.853
2 0.114
 0.015 þ0.08
 0.10 0.912
2 mm shift Blue 1 0.105
 0.022 1.54
 0.37 0.947
2 0.120
 0.028 1.30
 0.36 0.918
Green 1 0.092
 0.022 2.30
 0.59 0.964
2 0.082
 0.016 2.66
 0.53 0.983
3 0.093
 0.019 2.26
 0.50 0.976
Red 1 0.100
 0.019 1.58
 0.33 0.960
2 0.100
 0.025 1.54
 0.44 0.925
3 0.114
 0.024 1.33
 0.33 0.934
þ2 mm shift Blue 1 0.114
 0.020 þ1.99
 0.31 0.975
2 0.084
 0.018 þ2.70
 0.61 0.978
Green 1 0.076
 0.021 þ3.55
 1.02 0.978
2 0.081
 0.020 þ3.40
 0.86 0.982
Red 1 0.106
 0.021 þ2.07
 0.43 0.971
2 0.096
 0.018 þ2.06
 0.41 0.974
DHS SCE-neutralising Blue 1 0.0023
 0.022 þ19.3
 185 0.580
2 0.035
 0.0017 þ1.29
 0.73 0.754
Green 1 0.0022
 0.0019 þ12.97
 112 0.383
2 þ0.027
 0.012 0.31
 0.358 0.807
Red 1 0.00065
 0.021 51.1
 1669 0.418
2 0.0009
 0.027 þ40.7
 1211 0.344
SCE-normal Blue 1 0.090
 0.022 þ0.73
 0.26 0.858
2 0.105
 0.018 þ0.73
 0.18 0.925
Green 1 0.084
 0.011 þ0.60
 0.12 0.951
2 0.090
 0.014 þ0.89
 0.18 0.950
Red 1 0.091
 0.013 þ0.80
 0.16 0.948
2 0.084
 0.010 þ0.83
 0.13 0.970
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3 and 5 mm stops, but less so with the SCE-neutralising
ﬁlter than without it.
Fig. 5 shows transverse aberrations for subject PP.
The 1 mm stop results show that this subject is well
corrected along the temporal (negative) semi-meridian,
but the aberration becomes appreciably positive along
the nasal semi-meridian beyond 1 mm from the pupil
centre. Much of this aberration is retained on the nasal
side for the 3 mm stop but not for the 5 mm stop. For
neither of the larger stops is there appreciable diﬀerence
between the two SCE conditions.
Because of the diﬀerences found with the diﬀerent
ﬁlter conditions for subject DHS for 3 and 5 mm stops,
the experiment was repeated with 1 and 5 mm stops
for subject DAA with 1 D induced myopic and hyper-
opic defocus. The slopes are shown in Fig. 6 for both
subjects. This ﬁgure shows again that subject DHS has a
slope to match his induced refractive error with a
1 mm stop (4.1 min arc/mm expected). With the 5 mm
stop, the slope is reduced considerably but the SCE-
Fig. 2. Log relative sensitivity for three colours as a function of hor-
izontal position in the pupil for subject DAA. Results are shown for
ﬁts to the ﬁrst listed run of each of the various SCE-modiﬁed condi-
tions in Table 3. All plots are normalised to 1.0 at the pupil centre.
Fig. 3. Subjective transverse aberration (min arc) in experiment 1 for
monochromatic light (550 nm) as a function of position in the pupil for
subject DAA for 1, 3 and 5 mm diameter stops both without and with
SCE-neutralising ﬁlters. Error bars indicate standard deviations. To
make the results easier to distinguish, the 3 and 5 mm data have been
lowered by 3 and 6 min arc, respectively.
Fig. 4. Subjective transverse aberration in experiment 1 for mono-
chromatic light (550 nm) for subject DHS. Other details are as for
Fig. 3.
Fig. 5. Subjective transverse aberration in experiment for monochro-
matic light (550 nm) for subject PP. Other details are as for Fig. 3.
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neutralising ﬁlter ameliorates this trend. For subject
DAA, the 1 mm results are a good match to the induced
defocus levels (3.4 and 3.4 min arc/mm expected for
1 and þ1 D, respectively). However, for the 5 mm stop
the slope is reduced considerably and the SCE-neutra-
lising ﬁlters do not inﬂuence this.
3.3. Subjective chromatic aberration—experiment 2
Fig. 7 shows transverse aberration versus horizontal
position in the pupil for subject DAA. The 1 mm stop
results show linear plots to beyond 2 mm from the pupil
centre. Linear regression gives intercepts with the hori-
zontal axis at þ0:15
 0:07 mm 95% conﬁdence limits
without the SCE-neutralising ﬁlter and þ0:04
 0:09
mm with the SCE-neutralising ﬁlter. These are estima-
tions of the visual axis. As expected, results are similar
both without and with the SCE-neutralising ﬁlter. The
eﬀect of increasing the stop size is to reduce the slopes of
subjective transverse chromatic aberration markedly,
even to the extent of a change in slope direction for the 5
mm stop. The SCE-neutralising ﬁlter makes little dif-
ference to results with the larger stop sizes.
Results for subjects DHS (Fig. 8) and PP (Fig. 9) are
similar to those for DAA, except that PP’s slopes just
remain positive with the 5 mm stop. Linear regression
for the 1 mm stop results locates DHS’ visual axis at
0:11
 0:14 mm without the SCE-neutralising ﬁlter
and at þ0:19
 0:19 mm with the SCE-neutralising ﬁl-
ter, while PP’s visual axis is at þ0:22
 0:05 mm without
the SCE-neutralising ﬁlter and at þ0:20
 0:06 mm with
the SCE-neutralising ﬁlter.
The slopes for the subjects are shown in Fig. 10, and
conﬁrm the results in Figs. 7–9.
3.4. Subjective chromatic aberration—experiments 3 and 4
The thrust of the results for experiments 1 and 2 is
that increasing pupil size decreases the slope of the
subjective transverse aberrations versus pupil position
Fig. 7. Subjective transverse chromatic aberration (min arc) in exper-
iment 2 as a function of position in the pupil for subject DAA for 1, 3
and 5 mm diameter stops, both without and with SCE-neutralising
ﬁlters. Error bars indicate standard deviations.
Fig. 8. Subjective transverse chromatic aberration in experiment 2 for
subject DHS. Other details are as for Fig. 7.
Fig. 6. Slope (min arc/mm) in experiment 1 for monochromatic aber-
ration as a function of induced refractive error for subjects DAA and
DHS, with 1 and 5 mm stops, and without and with SCE-neutralising
ﬁlters. Error bars indicate standard errors of slope ﬁts.
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plots, and that SCE-neutralising ﬁlters have little inﬂu-
ence on this. The second of these ﬁndings is at variance
with the theoretical modelling of Atchison et al. (2001)
and previous experimental results of Rynders et al.
(1997). To investigate further, we undertook a further
two experiments measuring transverse chromatic aber-
ration with one subject (DAA). In experiment 3, the
colours of the targets and background were reversed so
that the targets were coloured. In experiment 4, we
varied the object distance and target angular subtense.
This was important because Rynders et al. used larger
targets—110  1500—than those used in experiments 1
and 2. In this experiment, we also investigated ﬁlters
that shifted the SCE peak by 
2 mm in the horizontal
meridian.
Fig. 11 compares results from experiments 2 and 3,
the former having been shown already in Fig. 10. Both
experiments show a considerable reduction in slope with
increase in stop size, but the SCE-ﬁlter condition with
the colour targets (experiment 3) demonstrates some
small recovery of aberration with 3 and 5 mm stops.
Figs. 12–14 show subjective transverse chromatic
aberration versus stop position in experiment 4. These
ﬁgures show 1 and 5 mm stop diameter results, restricted
to the pupil position range of 
1 mm, although data
were collected for the 1 mm stop out to 
2.5 mm. For
the sake of clarity the shifting ﬁlter results are omitted
from Figs. 13 and 14; these have a similar trend to those
in Fig. 12. The 1 mm data were collected without any
of the ﬁlters. Regressions are shown for the diﬀerent
ﬁlter conditions. Although there are minor diﬀerences
between the ﬁgures, which represent diﬀerent target/
background size combinations, these are minor. The
95% conﬁdence intervals for the slopes of the 5 mm
curves include zero for all cases except for the no ﬁlter
results in Fig. 13 (positive slope) and Fig. 14 (negative
slope). The shifting ﬁlters have some minor inﬂuence on
results, with the data for the ﬁlter that shifts the SCE-
peak by þ2 mm appearing higher in Fig. 12 than the
Fig. 11. Slope (min arc/mm) of chromatic aberration for subject DAA
as a function of stop size, both without and with the SCE-neutralising
ﬁlter. Error bars indicate standard errors of slope ﬁts. The ‘‘colour
background’’ results are from experiment 2 and Fig. 10, while the
‘‘colour target’’ results are from experiment 3.
Fig. 10. Slope (min arc/mm) of chromatic aberration in experiment 2
for the three subjects as a function of stop size, both without and with
SCE-neutralising ﬁlters. Error bars indicate standard errors of slope
ﬁts.
Fig. 9. Subjective transverse chromatic aberration in experiment 2 for
subject PP. Other details are as for Fig. 7.
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data for the 2 mm SCE-peak shifting ﬁlter (approxi-
mately 0.5–0.6 min arc). Using 95% conﬁdence limits,
the mean diﬀerences between the shifting ﬁlters are sig-
niﬁcant.
4. Discussion
The ﬁndings of this investigation can be stated sim-
ply. Using a vernier alignment task, subjective mono-
chromatic and chromatic transverse aberration decrease
much more quickly with increase in pupil size (Figs. 13
and 14) than predicted by theory based on the centroid
of distributions (Atchison et al., 2001). For a 5 mm stop,
the slope of aberration versus stop position is almost
zero. Applying ﬁlters to neutralise or shift the SCE
makes little diﬀerence to results (e.g. Figs. 12–14), again
contrary to the theory and also to the previous experi-
mental results of Rynders et al. (1997) despite some of
our conditions being similar to those used by them.
Altering the size of the vernier targets and their back-
grounds over a three times range makes little diﬀerence.
Reversing the colour of the targets and the background,
so that the targets instead of the background is col-
oured, seems to restore some subjective transverse ab-
erration for a subject when the SCE is neutralised (Fig.
11). We will return to this point later.
To pursue the theory versus experimental results
further, using the theory in Section 2.6, the ﬁrst runs of
DAA results in Table 2, and a visual axis location of
0.0 mm (its mean location using the 1 mm plots in Figs.
12–14), we determined the theoretical subjective trans-
verse aberration for subject DAA with a 5 mm stop in
combination with no SCE-eﬀect, the normal-SCE, and
with the SCE shifting ﬁlters. This is shown in Fig. 15,
which can be compared for convenience with Fig. 12.
The theoretical slope for the SCE-neutralising condition
is 3.1 min arc/mm and the theoretical slopes for the
Fig. 12. Subjective transverse chromatic aberration (min arc) in ex-
periment 4 as a function of position in the pupil for subject DAA.
Object distance is 3 m, with 3:40  460 black targets on 570  460 col-
oured backgrounds. Results are shown for a 1 mm stop with no ﬁlter,
and for a 5 mm stop with the following ﬁlter conditions: no ﬁlter, SCE-
neutralising ﬁlter, a ﬁlter which moves the SCE-peak by approximately
2 mm, and a ﬁlter which move the SCE-peak by approximately þ2
mm. Error bars indicate standard deviations. Lines are ﬁtted linear
regressions.
Fig. 14. Subjective transverse chromatic aberration (min arc) in ex-
periment 4 as a function of position in the pupil for subject DAA.
Object distance is 1 m, with 3:40  1400 black targets on 1700  1400
coloured backgrounds. Other details are as for Fig 12, except that the
shifting ﬁlter results are omitted.
Fig. 13. Subjective transverse chromatic aberration (min arc) in ex-
periment 4 as a function of position in the pupil for subject DAA.
Object distance is 1 m, with 100  1400 black targets on 1700  1400
coloured backgrounds. Other details are as for Fig. 12, except that the
shifting ﬁlter results are omitted.
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other conditions are approximately 2.3 min arc/mm. The
slopes of the experimental results are less than j0:2j
min arc/mm and none is signiﬁcantly diﬀerent from zero.
The theoretical diﬀerence between the amounts of ab-
erration with the shifting ﬁlters is approximately 4.2
min arc, but the experimental diﬀerence is 0.6 min arc.
Theoretically, the SCE-neutralising ﬁlter changes the
aberration by 0.6 min arc at the pupil centre relative to
the SCE-normal condition, but the experimental diﬀer-
ence is negligible and not signiﬁcant.
These results of this study indicate that the centroid
model of determining vernier alignment is not appro-
priate when the optics have considerable asymmetries
that will occur when pupils are decentred. Atchison et al.
(2001) discussed a number of studies claiming to show
that the centroid, or some variation of it, is the main
localising cue in vernier alignment tasks. However,
Badcock, Hess, and Dobbins (1996) found that the cue
used to localise a textured region can vary as the char-
acteristics of the region change. With this in mind we
recalculated theoretical subjective transverse chromatic
aberration, for subject DAA with 5 mm pupils, based on
the peaks of line spread functions rather than centroids.
The peak of the distributions is much closer to the line
of sight than is the centroid for large, decentred pupils
(see Atchison et al., 2001, Fig. 8). In Fig. 16, line spread
functions were determined using a fast Fourier proce-
dure based on the subject’s two-dimensional aberrations
(Atchison et al., 2001). The rate of change of transverse
chromatic aberration based on the peaks is generally
much less than for centroids (compare with Fig. 15), but
the absolute values are still much greater than found
experimentally (Figs. 12–14).
In the ﬁrst paragraph of this Discussion, it was
mentioned that there appeared to be some restoration of
subjective transverse aberration with 5 mm pupils, when
the SCE was neutralised, for coloured targets on a black
background (experiment 3). In general, the vernier
alignment task with black vernier targets on coloured
backgrounds was unambiguous, with the exception of
the monochromatic task in the presence of defocus for
which some transient doubling occurred which made it
diﬃcult to adopt a constant criterion. Otherwise, the
task was easy because there was no perception of vari-
able luminance across the target. However, for coloured
targets at all pupil sizes, luminance variation across the
target was obvious when it was decentred from the pupil
centre, and this became more noticable as pupil size
increased. For the 1 mm pupil size, the luminance varia-
tion appeared symmetrical about the centre of the target,
but for the larger two pupil sizes the luminance distribu-
tion was markedly asymmetrical, with the peak lumi-
nance being close to one side (see Atchison et al., 2001,
Fig. 16. Theoretical subjective transverse chromatic aberration (min-
arc) as a function of position in the pupil for subject DAA. Results are
shown for a 5 mm stop with the following ﬁlter conditions: no ﬁlter,
SCE-neutralising ﬁlter, the ﬁlter which moves the SCE-peak by ap-
proximately 2 mm, and the ﬁlter which moves the SCE-peak by
approximately þ2 mm. Theory is based on the peaks of image distri-
butions determining subjective alignment.
Fig. 15. Theoretical subjective transverse chromatic aberration (min-
arc) as a function of position in the pupil for subject DAA. Results
are shown for a 1 mm stop with no ﬁlter, and for a 5 mm stop with
the following ﬁlter conditions: no ﬁlter, SCE-neutralising ﬁlter, the
ﬁlter which moves the SCE-peak by approximately 2 mm, and the
ﬁlter which moves the SCE-peak by approximately þ2 mm. Theory is
based on the centroids of image distributions determining subjective
alignment.
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Fig. 8). Aligning two such distributions was diﬃcult,
with the problem confronting the subject being that of
which part of the blurred blue target to align with which
part of the blurred red target. The subject used his
judgement of centroid locations, which, as discussed
above, may not have been the unconscious criterion for
the black targets on coloured backgrounds.
As mentioned in Section 3.1, subject DAA showed a
shift of the peak of the SCE of approximately 0.4 mm in
the temporal direction between two sets of measure-
ments approximately 18 months apart. For both sub-
jects DAA and DHS, the corneal reﬂex was also
measured at the same time and did not shift over this
period (within a precision of 
0.1 mm in horizontal and
vertical directions), thus increasing our conﬁdence that
this shift was real and not an experimental artifact.
There have been two reports of change in q values over a
long period of time, with Rynders, Grosvenor, and
Enoch (1995) reporting little change in horizontal q in
one subject between two occasions 38 years apart, and
DeLint, Vos, Berendscot, and Van Norren (1997) re-
porting that two only out of seven subjects showed a
signiﬁcant decrease in q after about 30 years. Analysing
changes in the peak is more problematic because of
changes in the pupil’s size (Birren, Casperson, & Bo-
twinick, 1950; Kadlecoka, Peleska, & Vasko, 1958;
Kumnick, 1954; Leinhos, 1959; Said & Sawires, 1972;
Winn, Whitaker, Elliot, & Phillips, 1994) and possibly
its position over time. Stiles (1939) reported that the
SCE-peak in the horizontal meridian of his own left eye
moved by about 1.1 mm temporally (0.2 mm nasal to 0.9
mm temporal) over the course of 6 years, which makes
the present results less remarkable. Bedell and Enoch
(1979) found only small changes in Enoch’s peak over 17
years, with another younger subject not demonstrating a
shift over 6 years. Enoch, Eisner, and Bedell (1982)
found no shift in the extremely decentred peak of a
subject over 3 years (also Bedell & Enoch, 1980). Also,
Saﬁr, Hyams, and Philpot (1970) found the SCE to be
stable with time, and Applegate (2001) informs us that
his peak has been stable to within 
0.2 mm over a
period of 20 years.
5. Conclusion
Contrary to theory based on centroids and previous
experimental work, the SCE appears to play a minor
role only in subjective monochromatic and chromatic
transverse aberrations when pupils are decentred.
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